The VP4, VP2, and VP1 gene regions were evaluated for their usefulness in typing human enteroviruses. Three published RT-PCR primers sets targeting separately these three gene regions were used. Initially, from a total of 86 field isolates (36 HEV-A, 40 HEV-B, and 10 HEV-C) tested, 100% concordance in HEV-A was identified from all three gene regions (VP4, VP2, and VP1). However, for HEV-B and HEV-C viruses, only the VP2 and VP1 regions, and not VP4, showed 100% concordance in typing these viruses. To evaluate further the usefulness of VP4 in typing HEV-A enteroviruses, 55 Japanese and 203 published paired VP4 and VP1 nucleotide sequences were also examined. In each case, typing by VP4 was 100% in concordance with typing using VP1. Given these results, it is proposed that for HEV-A enteroviruses, all three gene regions (VP4, VP2, and VP1), would be useful for typing these viruses. These options would enhance the capability of laboratories in identifying these viruses and would greatly help in outbreaks of hand, foot, and mouth disease.
INTRODUCTION
Human enteroviruses are small non-enveloped RNA viruses that belong to the family Picornaviridae. Classification of human enteroviruses using molecular methods has divided these viruses into dive separate species (poliovirus, HEV-A, HEV-B, HEV-C, and HEV-D) [Stanway et al., 2005] . To date 62 antigenically distinct serotypes and more than 30 additional genetically distinct types have been described (http:// www.picornaviridae.com/enterovirus/enterovirus.htm). In the last decade, a succession of large outbreaks of hand, foot, and mouth disease (HFMD) has been reported in the Asia-Pacific region [McMinn, 2002; Cardosa et al., 2003; Miyazawa et al., 2008; Ang et al., 2009; Zhang et al., 2009] . Although, the disease is generally characterized as a mild childhood illness, recent outbreaks have shown that there can be severe symptoms that sometimes lead to fatal outcomes associated with human enterovirus 71 (HEV71), which belongs to the HEV-A species [McMinn, 2002] . HEV-A viruses are associated most commonly with HFMD outbreaks [Yamashita et al., 2005; Podin et al., 2006] . Of these, HEV71 and human coxsackievirus A16 (CVA16) are the viruses most often isolated from these outbreaks and co-circulation of both viruses during HFMD outbreaks is a frequent occurrence [Lin et al., 2003; Li et al., 2005; Podin et al., 2006; Hosoya et al., 2007] . Of the two, infection with CVA16 is associated with a milder form of the disease as compared with HEV71 which is associated with acute neurological symptoms in a small proportion of cases [Lin et al., 2003; Li et al., 2005; Podin et al., 2006] . In view of this, it is important to be able to identify the enterovirus serotype during HFMD outbreaks so that informed decisions on public health intervention and treatment can be made.
Several different RT-PCR methods targeting different regions of the enterovirus genome, particularly those encoding the structural proteins of the virus have been used to determine serotype identity [Casas et al., 2001; Ishiko et al., 2002; Oberste et al., 2003; Nasri et al., 2007] . These methods involve RT-PCR coupled with sequencing of the amplified product to identify the ''molecular serotype'' of the virus. Methods based on the VP1 gene region in particular have been shown to provide serotype identification that is comparable to standard neutralization tests . Although the majority of these methods have been designed to work on viral isolates, methods that utilize primary clinical specimens have also been described [Casas et al., 2001; Nix et al., 2006] . During large outbreaks of HFMD, the ability to determine the human enterovirus serotype quickly and efficiently in a cost effective manner would definitely contribute towards decisions on public health intervention and management. In this study, the accuracy of sequencing three separate gene regions of the enterovirus genome (VP4, VP2, and VP1) for typing enterovirus isolates of HEV-A, HEV-B, and HEV-C was compared. Three separate published RT-PCR protocols [Ishiko et al., 2002; Oberste et al., 2003; Nasri et al., 2007] that target all three gene regions of interest were used. Sequences generated from these gene regions were then compared to each other, using the VP1 gene region as a reference, in its ability to type HEV-A, HEV-B, and HEV-C viruses.
MATERIALS AND METHODS

Virus Isolation
Human enterovirus isolates from Sarawak used in this study were cultured during the course of several surveillance programs run by this laboratory in collaboration with the Sarawak Health Department over a 10-year period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . South Vietnamese human enetrovirus isolates were obtained through collaboration within the Asia-Pacific Enterovirus Surveillance Network (APNET, http://www.apnet.org.au/) formed in 1999. All human enteroviruses were propagated in human rhabdomyosarcoma (RD) or human embryonic kidney (293) cell lines.
RNA Extraction
Viral nucleic acids were extracted from all culture harvests using the High Pure Viral Nucleic Acid Kit (Roche Diagnostics, Manheim, Germany) according to instructions provided by the manufacturer. Typically, extraction was done from 200 ml of culture harvest, eluted in 50 ml of sterile ultra high quality RNase-free water and stored at À808C until use.
RT-PCR for HEV Identification
The presence of human enterovirus RNA was determined using a previously published pan-HEV RT-PCR method [Romero and Rotbart, 1993] that targets a region of the 5 0 UTR. Electrophoresis gel analysis was used to determine the presence of amplified human enterovirus RNA.
RT-PCR and Sequencing for HEV Typing
Three different published RT-PCR methods targeting the VP4 [Ishiko et al., 2002] , VP2 [Nasri et al., 2007] , and VP1 [Oberste et al., 2003 ] gene regions were used for human enterovirus typing. Each RT-PCR method was performed according to conditions published by the respective authors. All amplicons were analyzed by agarose gel electrophoresis. Amplicons were purified from the gel using the GENECLEAN III kit (BIO101, Vista, San Diego, CA). Purified products were sequenced in both directions using both the sense and antisense PCR primers of that method. Sequencing was done using the BigDye v3.2 (Applied Biosystems, Foster City, CA) and performed in the 3130 Genetic Analyzer (Applied Biosystems). Sequences were prepared and primer sequences removed using SeqMan software (DNASTAR, Madison, WI). The final consensus sequence for the VP4, VP2, and VP1 gene regions were 207, 368, and 357 bp, respectively.
Sequence Data Set
Sequence information for the VP4, VP2, and VP1 regions using methods described above, were generated from 72 Sarawak and 14 South Vietnam human enterovirus isolates examined in this study (Table I) . Additionally, a total of 55 paired VP4 and VP1 sequences of Japanese HEV-A isolates mainly from cases with HFMD or herpangina were used [Hosoya et al., 2007] . A further 203 published paired VP4 and VP1 HEV-A sequences from Sarawak, Australia, South Korea, South Vietnam, Peninsular Malaysia, Saudi Arabia, Thailand, China, and United Kingdom [McMinn et al., 2001; Cardosa et al., 2003; Li et al., 2005; Simmonds and Welch, 2006; Perera et al., 2007; Tu et al., 2007] were obtained from GenBank and also evaluated.
Sequence Analysis and Phylogenetic Relationships
To determine the human enterovirus type, sequences of the three different gene regions were aligned separately. Each alignment included the corresponding sequence of each human enterovirus prototype strain obtained from GenBank. Alignments were performed using the MegAlign software (DNASTAR) which was also used to generate the nucleotide identity scores (percent of nucleotide homology) of each query sequence compared to the human enterovirus prototype sequences. As proposed by Oberste et al. [2003] , if the highest score was >75% and the next highest score was <70%, then the sequence would be assigned the same serotype identity as the prototype human enterovirus paired to the highest score. However, if the highest score was between 70% and 75%, then the sequence was assigned a preliminary serotype identity of the matching prototype human enterovirus pending more sensitive typing methods.
Separate phylogenetic trees for the VP4, VP2, and VP1 gene regions were prepared using the MEGA Comparison of the VP1, VP2, and VP4 Regionsversion 4, available at http://www.megasoftware.net [Tamura et al., 2007] . Neighbor-joining (NJ) phylogenetic trees were generated using a maximum composite likelihood model of nucleotide substitution. The statistical significance of the phylogenies constructed was estimated by bootstrap analysis using 1,000 pseudoreplicate data sets.
RESULTS
Performance of the Different RT-PCR Methods
A total of 86 different human enterovirus isolates comprising those from Sarawak and South Vietnam were included in this study. The presence of human enterovirus RNA in all nucleic acid extracts from these isolates was confirmed by a pan-human enterovirus RT-PCR method that targets the 5 0 UTR region [Romero and Rotbart, 1993] . Extracts from all 86 isolates were positive for human enterovirus using this method. To type these isolates, three different RT-PCR methods that target the VP4, VP2, and VP1 gene regions, respectively, were used. Both the VP4 and VP1 methods successfully amplified all 86 isolates tested and sequence data were obtained from all amplicons. However, the VP2 method failed to amplify three isolates (CNS613151, SB1543, and VN5773) (Table I) . Additionally, sequence could not be obtained from amplicons generated by the VP2 method for four other isolates (SB10052, SB6376, B105S1, and VN5555) even after multiple attempts to generate sequence data from either strand (Table I) .
HEV Typing
The partial VP1 sequence data (this study and all human enterovirus prototype sequences from GenBank) was used to initially prepare a bootstrapped phylogenetic tree (data not shown) to determine the species group (HEV-A to D) of all the 86 human enterovirus isolates in this study. From this analysis, a total of 36 HEV-A, 40 HEV-B, and 10 HEV-C were identified (Table I ). All further analysis was done separately for each human enterovirus species group. Results were compared to typing by VP1 which was used as the reference standard.
HEV-A
Using the criteria proposed by Oberste et al. [2003] as described in the methods section, the highest nucleotide identity (HNI) score for each gene region (VP4, VP2, and VP1) was used to generate preliminary serotype identification for each of the 86 human enterovirus isolates in this study (Table I) . For the 36 HEV-A isolates investigated, a 100% concordance of serotype identification by all three gene regions was observed. This was observed despite the fact that some of the HNI scores for the VP2 region were below 75% (indicating a tentative identification by that method) and all the HNI scores generated from VP4 sequences had multiple nucleotide identity scores greater than 75% to other serotypes (indicating potential inconclusive serotype identification). However, separate phylogenetic analysis of each gene region showed that in every case, HEV-A isolates clustered (bootstrap support of >70%) with the prototype strain of the serotype determined using the HNI score (Fig. 1) . Taken together, HNI scores coupled with phylogenetic analysis provide a useful way of typing HEV-A isolates using any of the three gene regions (VP4, VP2, and VP1) investigated in this study.
HEV-B
Preliminary serotype identification of HEV-B isolates using the HNI scores showed that there was a 100% concordance between the VP2 and VP1 gene regions. However, only seven isolates (17.5%) typed by VP4 matched the preliminary serotype identification obtained using VP2 and VP1 (Table I) . As with the HEV-A isolates, VP4 sequences showed multiple HNI scores >75% to other serotypes. In addition, identical HNI scores to more than one serotype (for isolates CNS32573, SB6067, B11S2, SB600724, CNS21263, and SB14374) were observed with VP4. It was also observed that for VP4, serotype identification with HNI scores generally did not match clustering to the same prototype strain in the phylogenetic tree (Fig. 2) . For example, isolates SB11993, SB13332, CNS34292, and CNS34293 had HNI scores >75% to E20 but clustered together with E3 in the phylogenetic tree (Fig. 2) . On the contrary, for both VP2 and VP1, there was a 100% match between HNI scores to, and phylogenetic clustering with, the same prototype strain for all HEV-B isolates tested. The results suggest that only the VP2 and VP1 gene regions would be useful for serotype identification of HEV-B viruses.
HEV-C
HEV-C isolates investigated in this study also showed a 100% concordance between the VP2 and VP1 data for serotype identification using the HNI scores (Table I) . With the exception of two isolates (B105S1 and CNS30014), there was a correlation between serotype identification with HNI scores and phylogenetic clustering (Fig. 3) to the same prototype strain using either of these gene regions. However, for isolates B105S1 (for VP1 only; no sequence was obtained from VP2) and CNS30014 (for both VP1 and VP2), with HNI scores between 70% and 75% to CVA13 and CVA24, Table I (open boxes) and prototype sequences obtained from GenBank (closed boxes). Trees are rooted using PV1 (GenBank accession no. NC_002058), all horizontal branch lengths are drawn to a scale of nucleotide substitutions per site, and bootstrap value >70% are indicated at key nodes. All the different serotypes identified from the study set using VP1 are indicated to right of the VP1 tree.
respectively, clustering to the same prototype strain in the phylogenetic tree did not occur (Fig. 3) . As such, using the definition proposed by Oberste et al. [2003] , serotype identification of both these isolates remains tentative pending more sensitive identification methods. When using VP4, there was a 70% concordance of serotype identification by HNI scores when compared to VP1. However, as observed with HEV-B isolates, VP4 HNI scores to a particular serotype did necessarily mean clustering to the same prototype strain in the phylogenetic tree. For example, isolate CNS30014 had a VP4 HNI score of 83.1% to CVA11 (Table I) but clustered with CVA20 in the phylogenetic tree (Fig. 3) . Even when there was a match between VP4 HNI identification and clustering to the same prototype strain in the phylogenetic tree, a potential misassignment of the J. Med. Virol. DOI 10.1002/jmv Table I (open boxes) and prototype sequences obtained from GenBank (closed boxes). Trees are rooted using PV1 (GenBank accession no. NC_002058), all horizontal branch lengths are drawn to a scale of nucleotide substitutions per site, and bootstrap value >70% are indicated at key nodes. All the different serotypes identified from the study set using VP1 are indicated to right of the VP1 tree.
serotype identity may occur. For example, isolates SB1220 and SB1543 typed as CVA11 by VP4 were identified as CVA17 by VP1 (Table I) . Taken together, only the VP2 and VP1 gene regions are useful for serotype identification of HEV-C viruses.
Typing of Additional HEV-A Viruses
Since the data showed that VP4 could be used to accurately assign serotype to HEV-A viruses, it was decided to investigate if this observation holds true using data obtained by other laboratories. VP2 was not included in this part of the analysis because there is very little published data of paired VP4 and VP2 sequences. A total of 55 Japanese and 203 published paired VP4 and VP1 sequences comprising eight different serotypes of HEV-A (HEV71, CVA2, CVA4, CVA5, CVA6, CVA10, CVA12, and CVA16) were analyzed in the same way as described above (data not shown). There was a 100% concordance of serotype identification by using the HNI scores of either VP4 or VP1. Additionally, all serotypes identified by HNI scores of either VP4 or VP1 correctly clustered with their prototype strain in the phylogenetic analysis (data not shown), thus confirming that indeed VP4 sequence can assign reliably serotype to HEV-A strains.
DISCUSSION
In recent years, molecular typing methods have been reported as useful and rapid tools for typing human enteroviruses [Casas et al., 2001; Ishiko et al., 2002; Oberste et al., 2003; Nasri et al., 2007] . Most of these methods have targeted the virus capsid protein coding regions. Of these methods, the sequencing of a portion of the VP1 capsid protein coding region has been widely used by several laboratories as a means for human enterovirus identification [Oberste et al., 2003; Blomqvist et al., 2008] . The VP1 nucleotide sequence has been shown to provide human enterovirus typing identification that correlates to neutralization tests . However, little has been done to compare directly other protein coding regions to VP1 in identification of human enteroviruses although methods using other regions have separately been published. In this study the usefulness of the complete VP4 and partial VP2 gene regions in human enterovirus typing using a partial VP1 nucleotide region as a reference standard was investigated. This results have shown that the percentage of nucleotide homology to prototype sequences (HNI scores) coupled with phylogenetic analysis provide a useful way to type human enteroviruses. Altogether, this study has shown that typing by VP1 or VP2 would be useful for HEV-A, HEV-B, and HEV-C viruses, confirming results obtained by others [Nasri et al., 2007] whereas typing using VP4 would be useful only for assigning serotype to HEV-A viruses.
The high rate of mutation [Takeda et al., 1994; Brown et al., 1999; Martin et al., 2000] observed for human enteroviruses could potentially lead to newer strains with sufficient mutations that could affect the performance of primers used in RT-PCR-based typing methods. Thus, the ability to use more than one method or gene region to type HEV would certainly enhance the capability of a laboratory to type these viruses. As an example, in this study, it has been observed that the partial VP2 primer set failed to amplify or sequence some viruses of HEV-A, HEV-B, and HEV-C which was successfully amplified by both the VP4 and VP1 methods. Similar observations have also been reported by others in which recent human enterovirus strains have been typed successfully using the VP2 method but failed to be amplified using the VP1 method [Nasri et al., 2007] . Interestingly, in the study by Nasri et al. [2007] , four of the viruses that failed to be amplified by the VP1 method were typed as HEV71 (HEV-A) using the VP2 J. Med. Virol. DOI 10.1002/jmv Table I (open boxes) and prototype sequences obtained from GenBank (closed boxes). Trees are rooted using HEV71 (GenBank accession no. U22521), all horizontal branch lengths are drawn to a scale of nucleotide substitutions per site, and bootstrap value >70% are indicated at key nodes. All the different serotypes identified from the study set using VP1 are indicated to right of the VP1 tree.
method. Based on the results of this study, these HEV71 viruses could potentially have been typed by the VP4 method to confirm the typing results obtained with the VP2 method.
The sequences obtained from these typing methods could also be useful for epidemiological studies that track evolution, migration, and emergence of HEV. For example, in reported studies of HFMD, for two of the major causative agents (HEV71 and CVA16), genotyping using the VP4 sequence has been shown to correlate with the genotype profile obtained using complete VP1 sequence [Cardosa et al., 2003; Perera et al., 2007] . Generating a shorter PCR amplicon (207 bp for VP4 vs. 891 bp for VP1 for both HEV71 and CVA16), the VP4 gene region is useful as a rapid screening tool to determine genotype profiles of theses viruses during large outbreaks of HFMD [Hosoya et al., 2007] . This information can then be used for informed decisions on which isolates to sequence for the complete VP1 as a way to improve efficiency and cost when dealing with very large numbers of isolates. In addition, sequencing for the VP4 gene region reduces cost as only a single sequencing reaction of one strand of the amplicon is sufficient to generate complete VP4 sequence as the primer binding sites are located outside of the target region (in 5 0 UTR and VP2). In contrast, the published method for molecular typing using the partial VP1 gene region requires two sequencing reactions targeting both strands of the amplicon to generate the partial VP1 sequence as the primer binding sites are immediately flanking the target region.
In conclusion, it is proposed that typing for HEV-A, HEV-B, and HEV-C can be achieved using either the partial VP1 or VP2 method or a combination of both if one fails to amplify or generate sequence of a particular isolate. In addition, any of the three methods evaluated would be useful for typing HEV-A viruses. Therefore, in large HFMD outbreaks where the predominant causative agents are HEV-A viruses, the VP4 method offers not only cost-saving measures to the laboratory but additionally the VP4 sequence itself offers a rapid way to provide information about the genotype of the virus in the case of HEV71 and CVA16. These options for typing human enteroviruses would certainly help in enhancing the capability of any laboratory working with these viruses.
